Modelling of hydraulic characteristics of jump using theoretical and empirical models has always been a difficult task. The length of jump may be defined as the distance measured from the toe of the jump to the location of the surface rise. Due to high turbulence this length cannot be determined easily by theory. However, it has been investigated experimentally so as to design the stilling basins with hydraulic jumps. In this work, the control of a hydraulic jump by broad-crested sills in a Ushaped channel is recalled theoretically and experimentally examined. The study begins with a multiple regression (MR) analysis. Then, and in order to model the relative lengths of hydraulic jumps, we have implemented and evaluated two different artificial neural networks (ANN): multilayer perceptron neural network (MLPNN) and generalized regression neural network (GRNN). The results demonstrate the predictive strength of GRNN and its potential to predict hydraulic problems with an adaptive spread value. However, the MLPNN model remains best classified by these indexes of performance. Key words | artificial neural network, GRNN, lengths of hydraulic jump, MLPNN, MR, U-channel NOMENCLATURE A Cross-sectional area of flow [m 2 ] D Diameter [m] Fr Froude number [-] L j Length of jump [m] Q Discharge [m 3 /s] g Acceleration due to gravity [m/s 2 ] h Depth of flow [m] q Specific discharge [-] y Relative depth of flow [-] θ 1 Angle for semicircular cross-sectional area [rad] ABBREVIATIONS ANN Artificial neural networks GRNN Generalized regression neural network MLPNN Multilayer perceptron neural network MR Multiple regression ). Some of the other practical applications are: e.g. flow-metering flume, mixing of chemicals for water purification and aerating water (Chow ; Kucukali & Cokgor ). In practice, the stilling basin is seldom designed to confine the entire length of a free hydraulic jump on the paved apron, because such a basin would be too expensive.
INTRODUCTION
The hydraulic jump is the discontinuous transition between supercritical and subcritical flow with varied or fixed location (Vischer & Hager ) , it is characterized by a sudden increasing of the water surface with high turbulence production. This phenomenon is an example of steady nonuniform flow. Principally, the hydraulic jump is well known to hydraulic engineers as a useful means of dissipating excess energy of flowing water downstream of hydraulic structures, such as spillways, chutes and sluices (Hager and thus to reduce the size and cost of the stilling basin (Chow ) .
The hydraulic jump in open non-rectangular channels has been studied by many researchers. Mentioning in this context the circular and U-shaped channel; in the circular one, the jump was considered by Hager (), Stahl & Hager () , Achour (), Dey (), Gargano & Hager () and Mitchell () . Moreover in the Ushaped one, the jump was also considered by Silvester (), Rajaratnam (), Hager (), Houichi (), Achour & Debabeche () and Afzal & Bushra () .
The length of jump may be defined as the distance measured from the toe of the jump to the location of the surface rise (Rajaratnam ) . This definition was adopted and used within the current study. In theory, the length cannot be determined easily because of the effects of highly turbulent flow. This phenomenon continuously modifies the internal jump characteristics. Yet, it has been investigated experimentally (Chow ; Kréménetsky et al. ) . In nature, turbulent flow, rollers and eddies, the random nature of surface disturbances, and air entrainment, complicate the exact determination of the two ends of a hydraulic jump. In practice, the end of a hydraulic jump is considered to be the point from which the concrete coating is not necessary any more (Lencastre ). The main objective of the present study is the presentation and evaluation of two different ANN techniques: multilayer perceptron neural network (MLPNN) and GRNN, in order to predict the relative length for hydraulic jumps in a U-shaped channel controlled by broad-crested sills.
THEORETICAL ANALYSIS
In a horizontal or weak slope channel, a solution to the hydraulic jump under rapid flow transition circumstances cannot be found using a specific energy diagram. Instead, the momentum equation is used. This approach is perhaps the most popular theoretical approach towards the hydraulic jump. Using the definition sketch shown in Figure 1 , a theoretical equation is developed by Houichi () and
Achour & Debabeche () for the sequent depth (h 1 , h 2 ) of the hydraulic jump in U-shaped channels as:
with:
(θ 1 À sin θ 1 cos θ 1 ) 1:5 In Equation (1), q is specific discharge calculated knowing the discharge Q and the diameter D. θ 1 is the angle at the centre of the circle between the lines connecting it to the water surface at the boundary, calculated knowing the first sequent depth h 1 and the diameter D. y 1 and y 2 are relative sequent depth respectively upstream and downstream of jump. Equation (1) which is implicit for the sequent depth of hydraulic jump, may be solved by a trial and error procedure and can be graphically presented as shown in The MLPNN is a nonparametric technique for performing a wide variety of detection and estimation tasks (Haykin ) . As shown in Figure 5 , the MLPNN consists of three layers: an input layer, an output layer and one or more hidden layers. Each layer is composed of a predefined number of neurons. The neurons in the input layer only act as buffers for distributing the input signals a i to neurons in the hidden layer, n is the number of input variables chosen in the input layer. Each neuron j in the hidden layer sums up its input signals a i after weighting them with the strengths of the respective connections w ij from the input layer, b is the bias term (or threshold) and computes its output value y j of the neuron as a function f of the sum:
EXPERIMENTS AND EXPERIMENTAL RESULTS
The output of neurons in the output layer is similarly computed. The mean squared error (MSE) between the desired and actual values of the output neurons E is defined as:
where N is the number of data used, y dj is the desired value of output neuron j and y j is the actual output of that neuron.
Each weight w ji is adjusted to reduce E as rapidly as possible. The adjustment w ji depends on the adopted training algorithm (Haykin ).
Generalized regression neural network (GRNN)
The GRNN is a neural network architecture that can solve any function approximation problems in the sense of estimating a probability distribution function. The network was first developed by Specht (). It approximates any arbitrary function between input and output vectors, drawing the function estimate directly from the training data. We can also note that GRNNs perform regression where the target variable is continuous. The GRNN will consider a few non-linear aspects of the estimated problem.
As shown in Figure 6 , the GRNN consists of four layers, including the input layer, pattern layer, summation layer and output layer. The first layer is fully connected to the second pattern layer where each unit represents a training input pattern and its output is a measure of the distance of the input from the stored patterns. Each pattern layer unit is connected to the two neurons in the summation layer: The output layer merely divides the output of each Ssummation neuron by that of each D 0 -summation neuron, yielding the predicted value Y i to an unknown input vector x as:
where M indicates the number of training patterns and the Gaussian D 0 function in (4) is defined as: 
ANALYSES OF REGRESSION AND ANN MODELS Jump lengths estimation approach
Empirical methods are basically regression models developed from fitting curves to measured experimental data. Excluding any variable induces unimproved results.
An approach equation can be obtained by multiple regression (MR) analysis using the backward elimination method for relative lengths of hydraulic jump L j /h 2 and L j /h 1 knowing values of q, y 1 , Fr 1 and y 2 .
L j h 2 ¼ 23:27 þ 85:51q À 59:34y 1 þ 0:37Fr 1 À 24:71y 2 (6) L j h 1 ¼ 113:8 þ 967:21q À 485:03y 1 þ 12:35Fr 1 À 266:29y 2
Equations (6) and (7) consider simultaneously the upstream influence of y 1 and q. The experimental relative lengths L j /h 2exp , L j /h 1exp of jumps are compared in Figures 8 and 9 with their counterparts L j /h 2pred , L j /h 1pred obtained by approach relations (6) and (7). The root MSEs for these models are equal to RMSE ¼ 0.87, 15.30 and the coefficients of determination equal to R 2 ¼ 0.930, 0.950 respectively.
Let us remember that RMSE describes the average difference between experimental data and model predictions, while coefficient of determination R 2 is a measure of how much of the original uncertainty in the data is explained by the model.
Multilayer perceptron neural network models
Two alternatives have been considered to have two different outputs. The output is the relative length value of hydraulic jump L j /h 2 or L j /h 1 . The inputs are (q, y 1 , Fr 1 and y 2 ) as undertaken in the regression section.
A difficult task with the MLPNN method is choosing the number of hidden nodes. Yet, there is no theory to tell how many hidden units are needed to approximate any given function. The optimal determination of number of neurons in the hidden layer is the issue of a trial (results of Matlab) which has been verified by altering the iteration number to achieve the best performance values (RMSE and R 2 ). The activation function used is the tansig function.
Generalized regression neural network models
With the same considerations about inputs-outputs, (q, y 1 , Fr 1 and y 2 ) and separately outputs (L j /h 2 or L j /h 1 ), the robust model in this type of ANN is required to apply a spread which will yield the most suitable performance with an adaptive value and it proves useless to change this in the present study.
Results of both models and different outputs
The best network structure is respectively given in Table 2 and Table 3 for the L j /h 2 and L j /h 1 outputs. As seen from By examining the tables of values and the graphs corresponding, particularly in the validation phase, the results also show that modelling the lengths of hydraulic jumps as L j /h 1 is more robust than the usual form L j /h 2 . Moreover this statement is confirmed for the MR model (R 2 ¼ 0.92927 for L j /h 2 and R 2 ¼ 0.94715 for L j /h 1 ). 
